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We present results of transmission measurements on CdTe quantum wells with thin semimagneti
Cd1−xMnxTe probe layers embedded in various positions along the growth axis. The presene of the
probes allow us to map the probability density funtions by two independent methods: analyzing
the exiton energy position and the exiton Zeeman splitting. We apply both approahes to map
the rst three quantum well eigenstates and we nd that both of them yield equally aurate results.
PACS numbers: 68.65.Fg 78.66.Hf 71.35.C 71.70.Gm
I. INTRODUCTION
The information about a quantum state is given by its
energy E and its wave-funtion ψ. Although it is easy to
measure the former, the experimental aess to the lat-
ter is more diult. In semiondutors, sine the advent
of epitaxial growth methods, band-gap engineering and
tailoring of the eigenstates have beome possible and re-
trieving the information insribed in the wave-funtions
beame neessary. The aess to ψ is gained through
the probability density (PD) funtions |ψ|2. One way
of probing of the PDs in quantum wells (QWs) is to in-
trodue a highly loalized potential perturbation with
preisely ontrolled position along the growth axis. The
perturbation shifts the eigenenergies of the system allow-
ing to obtain the PD at the loation of the probe in either
an optial
1
or a transport
2
experiment. Another way is
to introdue a layer ontaining magneti ions, whih in
an external magneti eld give rise to a Zeeman eet
larger than in the ase of an unperturbed QW
3,4,5
. This
latter method allowed mapping of PDs in single
3
or ou-
pled multiple QWs
5
. In the rst ase, only the ground
state PD was aessed and in the seond, only relative,
integrated PD values were obtained. In this work we
apply both approahes to extrat the PDs: we introdue
magneti probes and measure both the Zeeman eet and
the shift of exitoni transitions in interband absorption.
In this way, we map PD funtions of the ground and the
rst two exited states of a CdTe QW sandwihed be-
tween Cd1−yMgyTe barriers. As a PD probe, we use a
layer of Cd1−xMnxTe, where a part of the Cd ations are
substituted with Mn
2+
ions.
Inorporation of magneti ions into a semiondutor
matrix gives a new lass of materials usually referred to
as diluted magneti semiondutors (DMS)
6
. Most om-
monly, the substituting atoms are transition metal ions
with partially lled d-shells (Mn2+ ions have a half lled
d-shell), whih gives rise to a loalized magneti moment.
Exhange interation between loalized spins of the d-
shell eletrons and band arriers leads to Zeeman eets
enhaned by up to three orders of magnitude. To write
the eletroni wave-funtion in a DMS, we assume that
the eletrons adjust quasi-instantaneously to the arrange-
ment of loalized spins. In this adiabati approximation
the eletroni wave-funtion reads
7
:
Ψ(~r; ~S1, . . . , ~SN) = Ψ(~r; ~Si) = ψ(~r; ~Si)Φ({ ~Si}) (1)
where { ~Si} denotes the set of all quantum numbers de-
sribing the system of magneti ions. The s, p − d ex-
hange interation is desribed by the Hamiltonian:
Hsp−d =
∑
~Ri
Jsp−d(~r − ~Ri)~Si~σ (2)
where ~r and ~Ri are the spatial and ~σ and ~Si are the spin
oordinates of a band eletron and a loalized ion, re-
spetively. As a onsequene of the loalized harater
of the d-shell eletrons, the exhange onstant is usu-
ally approximated by a ollision term: Jsp−d(~r − ~Ri) =
Jsp−dδ(~r − ~Ri).
The s-d exhange interation leads therefore to a on-
dution band splitting given by:
∆Ec = Σi〈Φ|Si|Φ〉N0α|φc(Xi, Yi)|
2|ϕc(Zi)|
2
(3)
where (Xi, Yi, Zi), are the oordinates of a ith Mn ion,
N0 is the number of ation sites per unit volume, and
α is the s-d exhange integral. In the above, we fa-
torized the eletron wave-funtion into omponents de-
pendent on the in-plane and perpendiular oordinates:
ψ(~r) = φ(x, y)ϕ(z). Suh a proedure is not always
justied when interband absorption is involved as the
eletron-hole Coulomb interation mixes these degrees of
freedom. However, we heked that in our ase this mix-
ing is negligible and in mapping experiments it leads to
errors smaller than those resulting from ompositional
utuations and temperature instability.
If the funtion ϕ(z) does not hange substantially along
the thikness of the probe layer, we an substitute the
summation over Zi with a value of ϕ(z) at the Mn layer
loation ZMn. Moreover, assuming uniform distribution
of Mn ions in the QW plane we an average φc(x, y) over
in-plane ion oordinates and obtain the eletron Zeeman
splitting proportional to the layer magnetization ML
8
:
2∆Ec = N0α|ϕc(ZMn)|
2|φc(Xi, Yi)|2Σi〈Φ|Si|Φ〉 =
= N0α|ϕc(ZMn)|
2 ·ML
(4)
where for Cd1−xMnxTe the ondution band exhange
onstant is
9
: N0α = 0.22 eV.
It is thus seen from Eq. 4 that eletron Zeeman split-
ting is proportional to the PD of nding an eletron in the
Mn layer. However, in an interband absorption experi-
ment we measure the exitoni Zeeman splitting, whih
is a sum of eletron and hole splittings:
∆EZ =
(
N0α · |ϕc(ZMn)|
2 −N0β · |ϕv(ZMn)|
2
)
·ML
(5)
where N0β = −0.88 eV is the valene band exhange
onstant
9
.
It an be seen from the above that measuring exitoni
Zeeman splitting for a series of samples, where the Mn
ions are loated at various positions ZMn, allows to map a
PD funtion weighted with sp-d exhange integrals N0α
and N0β ontrary to the usual assumption
3,5
that the
heavy hole PD is mapped.
Magneti dopants not only give rise to magnetoopti-
al eets, but also introdue a loal potential. In the
rst order perturbation theory, a potential of the form:
V (δ(z − ZMn)) loated at the position ZMn shifts the
eletron energy E0 of the eigenstate ϕc(z) by:
E′c − E
0
c = V |ϕc(ZMn)|
2
(6)
where V is the perturbing potential, given by the hemi-
al shift of the respetive bands. Therefore, for eletrons
and holes the shift is proportional to ondution and va-
lene band oset, respetively. As a result, the shift of
the exitoni transition reads:
∆ES = E
′
X − E
0
X = ̺cV |ϕc(ZMn)|
2 + ̺vV |ϕv(ZMn)|
2
(7)
where ̺c and ̺v are ondution and valene band osets,
respetively and E0X is the energy of the unperturbed
state. Therefore, measuring the shift of the exiton en-
ergy, we an map a PD funtion weighted with band o-
sets. In the following, we took a valene band oset ̺v =
0.410,11 and assumed a linear dependene of the hemial
shift on the Mn omposition
6
: V = 1592 meV · xMn.
II. SAMPLES AND EXPERIMENT
Designing samples for mapping experiments using
semimagneti probes one has to bear in mind that the
proles of CdTe/Cd1−xMnxTe interfaes are broadened
along the growth axis due to omplete exhange of Cd
and Mn ions during growth and thus absene of segre-
gation proesses
12
. Consequently, although we aim to
obtain thin probe layers, the probe ions are always dis-
tributed among a ouple of adjaent monolayers with the
omposition prole peaked at ZMn. Moreover, we have to
take into aount the antiferromagneti oupling between
Mn ions, whih dereases substantially the magnetization
and as a result also the splitting, as seen in Eq. 5. There-
fore, the omposition of the probe layers has to be low
enough to assure a small number of nearest neighbor Mn
pairs to avoid the antiferromagneti oupling.
The samples were grown on (001) oriented GaAs sub-
strates by moleular beam epitaxy. Substrate temper-
ature was 230
◦
C, whih assures a high sample qual-
ity and relatively low interfae broadening
12
. 3.5 µm
Cd1−yMgyTe buer was deposited before the growth of
the QWs to relax the strain resulting from the lattie
mismath between the QW struture and the substrate.
Next, ve CdTe QWs, 117 Å, wide were grown, sepa-
rated by 300 Å Cd1−yMgyTe barrier layers. Magnesium
omposition y was hosen as high as 33% in order to
assure that more than one onned state is present in
the QW. Growth of eah of the QWs was interrupted for
the deposition of a single probe onsisting of 2 monolay-
ers of Cd1−xMnxTe with intentional Mn molar fration
of 12%. For shematis of the probing heterostruture,
see Fig. 1b. Four samples with dierent positions of the
probe layer along the QW axis were grown. Additionally,
a referene sample with no probe was prepared.
To obtain exiton transition energies and Zeeman split-
ting we measured transmission as a funtion of magneti
eld. To optially aess the QWs, we rst had to remove
the nontransparent GaAs substrate, whih was done by
mehanial polishing and wet ething in hydrogen perox-
ide. The thik transparent buer produed Fabry-Pérot
osillations, whih obsured the absorption spetrum and
thus most of it was removed by hemial ething in a
0.6% solution of bromine in methanol. The sample was
immersed in superuid liquid helium at a temperature of
1.8 K. Magneti eld up to 7 T was applied in Faraday
onguration. A halogen lamp was used as a white-light
soure and the transmission signal was deteted by a liq-
uid nitrogen ooled CCD amera and a monohromator.
In order to analyze transitions in two irular polariza-
tions, a quarter wave-plate and a linear polarizer were
plaed in the way of the transmitted beam.
III. RESULTS AND DISCUSSION
Optial density spetra were evaluated aording to
Beer-Lambert law as A = − log(I/I0), where I and I0
are transmitted and inident beam intensities, respe-
tively. In Fig. 1, we show the spetra obtained from
a sample with the probe layer loated at the enter of
the QW. Transitions orresponding to three heavy hole
exitons, labelled (nel, nhh) with n = 1, 2, 3 numbering
eletron and heavy hole states, an be resolved. Only
diagonal transitions, i.e. those satisfying nel = nhh, are
observed. The osillator strength of parity-allowed non-
3diagonal transitions is very low, sine in a deep retan-
gular QW the eigenstates are nearly orthogonal. The
feature below the (2,2) transition is related to the light
hole (1,1) exiton. The inrease of the absorption above
2.1 eV is due to Cd1−yMgyTe barrier exitons. Imme-
diately from Fig. 1 the eet of the Mn probe layer on
the exiton Zeeman splitting an be dedued: the odd-
number exitons exhibit a giant Zeeman eet sine there
is a non-vanishing PD of nding arriers in the enter of
the QW (see Fig. 1). On the other hand, the Zeeman
splitting of the (2,2) state is limited to the diret intera-
tion between arriers and the magneti eld and so the
splitting is smaller then the transition line-width.
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FIG. 1: Left: Optial density spetra for various magneti
elds obtained for a sample with the probe layer at the enter
of the quantum well. Right: Shemati of this sample shown
together with the rst three eletron PD funtions.
The identiation of the exitoni transitions in Fig.
1a is based on results of eetive mass approximation
alulations of eletron and hole energy levels in the QW
as a funtion of the magneti eld. In the alulations,
we took into aount the diusion of the probe interfaes
during growth. The broadened probe shape was modeled
by a gaussian funtion
3
. The band-edge Zeeman split-
ting of the probe was desribed by a modied Brillouin
funtion
6
with eetive parameters S0 and T0 reeting
the antiferromagneti oupling between the Mn ions ad-
justed to take into aount the nonuniform number of
nearest neighbors. Valene band states were alulated
using a 4x4 Luttinger Hamiltonian
13
. The lattie mis-
math between the barrier and the QW layer introdued
a strain, whih was taken into aount in the framework
of the Bir-Pikus theory by adding a omplete deforma-
tion potential Hamiltonian
14
. We negleted all the ex-
itoni eets and used the exiton binding energy as a
free parameter. In Fig. 2, we present the experimental
and alulated transition energies for the same sample
as in Fig. 1, i.e. with the Mn probe layer in the enter
of the QW. Heavy hole exiton binding energies result-
ing from the presented ts were found to be between 14
and 19 meV remaining in good agreement with alula-
tions in framework of an analytial model by Mathieu et
al.
15
, whih yields for (1,1) exiton a binding energy of 14
meV. A very good agreement between the measured and
alulated transition energies points out that the model
inludes the most important features of the system.
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FIG. 2: Points: Exiton transitions measured for a sample
with the probe layer at the enter of the quantum well. Lines:
The results of eetive mass alulations allowing the identi-
ation of the transitions. Full (empty) points orrespond to
transitions seen in σ
+
(σ
−
) polarization.
Using the above proedure for the referene sample
with a at (i.e. without the probe layer) QW, we t-
ted the exitoni transitions and alulated eletron and
heavy hole PD funtions |ϕc(z)|
2
and |ϕv(z)|
2
. In Fig.
3a, we plot these funtions weighted with exhange on-
stants as derived in Eq. 5 for the rst three QW eigen-
states. On the same graph, we present the the exiton
Zeeman splitting ∆EZ measured as a funtion of the po-
sition of the enter of probe layer ZMn. A very good or-
relation between the Zeeman splitting and the PD value
at ZMn is obtained onrming that the Zeeman split-
ting provides a good estimation of the PDs. In Fig. 3b,
we plot the at-QW PDs weighted with band osets as
derived in Eq. 7. On the same graph, we plot the ex-
iton energy shifts ∆ES given by the dierene between
transition energies for the samples with probe layers and
the referene sample with a at QW. The shifts for the
(1,1) and (2,2) exitons are measured and for the remain-
ing (3,3) is alulated sine this transition ould not be
resolved in the referene sample. Again, a good orrela-
tion between the measured shift and the PD at the probe
loation is obtained.
The auraies of our mapping proedures are summa-
rized in Figs. 3 and d, whih show how the measured
Zeeman splittings and exitoni shifts are orrelated with
values of PD funtions weighted with exhange integrals
and band osets, respetively. In both ases, we obtain
orrelation oeient values R ≈ 0.9, proving a high a-
uray of the approah. Inauraies are aused mainly
by the fat that the probe layer has a nonzero thik-
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FIG. 3: a) The PD funtions of three lowest quantum well eigenstates weighted with exhange onstants (lines) and orre-
sponding Zeeman splittings (points, right sale) plotted as a funtion of the probe layer loation. b) The PD funtions of three
lowest quantum well eigenstates weighted with ondution and valene band osets (lines) and orresponding exiton shifts
(points, right sale) plotted as a funtion of the probe layer loation. ) and d) Correlations between weighted PD funtions
and Zeeman splitting and exiton shifts, respetively.
ness, ontrary to the assumption taken to derive Eqs. 5
and 7. Indeed, two monolayers deposited during growth
are further broadened by the intermixing of the inter-
fae prole. To t the exitoni transition dependenies
on the magneti eld (see Fig. 2), we had to introdue
a gaussian broadened proles with halfwidths between
2.5 and 4 monolayers depending on the sample. Our ef-
fetive mass approximation alulations show that this
nonzero thikness of the probe layers leads to a notie-
able modiation of the PD funtions. In the PD fun-
tions ompared with measured quantities in Figs. 3 also
not inluded are the exitoni eets. The eletron-hole
Coulomb interation modies importantly the shape of
PD funtions with respet to a noninterating ase. A
method to obtain Coulomb-orrelated ϕc and ϕv is based
on a Hartree approah. In this alulation the eletron
wave funtion is self-onsistently alulated by solving a
one dimensional Shrödinger equation with an eetive
potential resulting from the hole wave funtion and vie-
versa
16
. Sine in CdTe the hole is about 5 times heavier
than the eletron, the Coulomb-orrelated ϕc tends to
unperturbed ϕv. For this reason, previous works on Zee-
man mapping suessfully ompared the results to only
heavy hole PD funtions
3,5
.
Another issue not inluded in the above onsiderations
is the variation of the exhange onstants with onne-
ment. As pointed out by Makh et al.
17
and Merkulov
et al.
18
, an admixture of higher k-vetor states leads to
a signiant derease of the exhange parameters. Pos-
sible reasons inlude turning on the kineti exhange be-
tween the ondution eletrons and loalized Mn ions
18
and a hopping interferene in the valene band
17
. In our
ase, both eets would have highest impat on the (3,3)
state  the one with highest admixture of the nonzero-k
states
18
. We ompared the PDs weighted with exhange
integrals that were dereased aording to the higher-k
states admixture and found a worse agreement with mea-
sured Zeeman splittings. We therefore onlude that the
redution of the exhange integrals is less important than
the eets related to a nonzero thikness of the probe lay-
ers.
In order to obtain a higher mapping auray one
should design thinner (e.g. submonolayer) mapping
probes that introdue a smaller perturbation potential.
In that ase, the observed Zeeman splitting and the shift
of the exitoni transition will be smaller, but one will
gain a weaker modiation of the mapped PD funtions.
Another approah is to ompletely bury the semimag-
neti probes in a CdMgTe QW exploiting the same band
osets for MgTe and MnTe with respet to CdTe
10,19
.
In this method, the Mn omposition of the probes and
the Mg omposition of the QW bottom are hosen to
assure a at QW potential so at zero magneti eld no
perturbation is introdued. Applying a small magneti
eld should make mapping feasible with only a minor
modiation of the PD funtions.
In summary, we have ompared two independent meth-
ods for mapping of the quantum well eigenstates with
5semimagneti probes. One is based on the analysis of
the position of exiton transition whih in the rst or-
der of perturbation theory is proportional to a value of
a wave funtion weighted with band osets. The se-
ond approah exploits the fat that for samples with thin
semimagneti probes the exiton Zeeman splitting is pro-
portional to a value of a wave funtion weighted with ex-
hange onstants. We nd a good agreement between the
alulated wave funtions and measured exitoni posi-
tions and Zeeman splittings and we onlude that both
methods are equally well suited for mapping purposes.
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